Porphyromonas gingivalis, is the most prominent member of the bacteria flora associated with pathogenesis of periodontitis, a chronic inflammatory disease resulting in tooth loss. The extent of oral mucosal reaction to P. gingivalis invasion relays heavily on Toll-like receptors (TLRs) that recognize structurally common motifs of pathogens and initiate antibacterial responses.
Introduction
Porphyromonas gingivalis is a non-motile, rod-shaped, Gram-negative anaerobic bacterium, which together with more than 700 bacterial species colonize the epithelial surfaces of oral mucosa, soft gingival tissue and tooth enamel [1] [2] [3] . Under normal physiological conditions, this diverse community of oral microbiota exists in commensal harmony with the host and this status is maintained primarily by saliva, a viscous secretion elaborated by the major and minor salivary glands located within the oral cavity [4] [5] . The proteins and glycoproteins of saliva not only participate in the formation of the tenacious protective coating covering tooth enamel and oral mucosa, but are also endowed by a large repertoire of biological functions that play a major role in bacterial aggregation and clearance from the oral cavity [4] [5] [6] [7] [8] . The disturbances in salivary glands secretory function and the ensuing decline in the protective potential of saliva heralds the weakening of oral mucosal defense perimeter and provides an opportunity for bacterial infection, and the development of chronic mucosal inflammation that leads to periodontal disease [5] [8] [9] [10] .
The bacterial species implicated as primary etiological agents of periodontal diseases are the members of so called "red bacterial complex", and include Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia [11] [12], while the role of facultative anaerobe, Actinobacillus actinomycetemcomitans, in etiology of periodontal disease is less apparent, although the bacterium is more frequently found in localized aggressive form of periodontitis [1] [13] [14] .
Based on subgingival plaque analysis data, P. gingivalis is by far the most prominent member of the bacterial flora found in periodontal packets of people with gum disease [15] , and is generally recognized as a major culprit in the pathogenesis of periodontitis, a chronic inflammatory disease that affects about 15% of population and leads to progressive destruction of teeth-supporting tissue, and is the major cause of adult tooth loss [1] [12] [16] . Apparently, the first step in P. gingivalis invasion of gingival epithelium is the evasion of host defense mechanisms followed by the bacterium attachment to the epithelial surfaces through cell-surface specific receptors, and the unleash of a large panel of virulence factors that provoke the inflammatory response of the host tissue [2] [5] [12] . The factors implicated in the progressive destruction of periodontal tissues by P. gingivalis include its cell surface major (FimA) and minor (Mfa1) fimbriae proteins Journal of Biosciences and Medicines as gingipain R and gingipain K [16] [19] , collagenases, capable of extracellular matrix proteins degradation and activation of the host matrix metalloproteinases [2] [20] [21] [22] [23] , and the secreted sufatases directed towards cell membrane glycosphingolipids as well as proteoglycans of extracellular matrix [2] [24].
A factor of particular significance to the pathogenic action of P. gingivalis leading to the development of periodontitis is its cell-wall lipopolysaccharide (LPS) [25] [26] [27] . Indeed, the oral mucosal responses to P. gingivalis LPS are manifested by a marked increase in epithelial cell apoptosis and proinflammatory cytokine expression, up-regulation in endothelin-1 (ET-1) and TNF-α release, stimulation in NF-κB nuclear translocation, excessive nitric oxide (NO) and prostaglandin (PGE2) generation, and the proinflammatory signal propagation associated with the activation of epidermal growth factor receptor (EGFR) and mitogen-activated protein kinase (MAPK) cascade [25] - [31] . Moreover, studies into the events underlying the inflammatory processes elicited by bacterial invaders revealed that these responses are mediated by Tool-like receptors (TLRs), a class of transmembrane pattern recognition receptors (PRRs) that recognize structurally common motifs of bacterial, fungal and protozoan origin [32] [33] [34] . Among the bacterial products implicated in TLRs activation and triggering vigorous inflammatory responses are lipoteichoic proteoglycans of Gram-positive bacteria and LPS of Gram-negative bacteria, including that of P. gingivalis [26] [28] [35] [36] [37] .
Therefore considering the preponderance of the evidence as to the primary role of P. gingivalis in the initiation and propagation of oral mucosal inflammatory responses leading to the development of periodontitis, in this article we review data on the signaling cascades triggered by the bacterium LPS activation of TLR4, and examine how these cascades are modulated by the endogenous peptide hormones, leptin and ghrelin.
Tool-Like Receptors

Structure and Activation
TLRs are a family of ten type I transmembrane glycoproteins, consisting of a highly N-glycosylated extracellular domain characterized by the presence of a leucine-rich repeat motifs (LRR) involved in ligand recognition, a single transmembrane spanning region, and an intracellular domain that contains a Toll-Il-1 receptor (TIR) region involved in the activation of signaling cascade [32] [38] . Majority of TLRs are located mainly in the cell membrane (TLR1, TLR2, TLR4, TLR5, and TLR6), with some (TLR7, and TLR9) being also present in the endosomes (34) , and their TIR domains are not only found in the receptors but also in the adaptors involved in IL-1 signaling [39] .
In general, the stimulation of TLRs by the respective ligands triggers receptor dimerization followed by the recruitment of different adaptor molecules to the cytoplasmic domain (TIR) of the receptor, such as myeloid differentiation factor 88 (MyD88) or Toll/Interleukin-1 receptor (TIR) domain-containing adaptor-inducing interferon-(TRIF) [32] [39] . Depending on which of the adaptors are involved, these molecules trigger a different response and affect different downstream signaling cascades converging on NF-κB, interferon response factors (IRFs), and MAPKs [32] [34] . Indeed, with the exception of TLR3, all TLRs utilize MyD88 adaptor pathway. In this pathway, TLR binding leads to recruitment of MyD88, which in conjunction with another TIR-containing adaptor molecule, Mal (MyD88 adaptor-like), form complex with IRAK kinases, followed by polyubiquitination and activation of TAK1 [33] [34] . This results in activation of IκB-kinase complex (IKK) and MAPK pathways involving extracellular signal-regulated kinase (ERK), c-Jun terminal kinase (JNK), and p38
[32] [40] . Activation of IKK leads to phosphorylation of NF-κB inhibitory protein IκBα and translocation of NF-κB to the nucleus and induction of the expression of proinflammatory genes, while MAPKs are involved in the activation of activator protein-1 complex (AP-1) transcription program [33] [34] [41] .
Based on the ligand recognition and binding, TLR4 is now well-documented as a receptor that mediates inflammatory responses to bacterial LPS, including that of P. gingivalis [25] [26] [27] . Indeed, studies show that the exposure of salivary gland acinar cells to P. gingivalis LPS results in the TLR4 activation through autophosphorylation (Figure 1 ) on several critical Tyr residues that are essential for the initiation of downstream signaling events [42] .
LPS and Its Interaction with TLR4
The Lipopolysaccharide is an integral glycolipid component of the outer membrane of Gram-negative bacteria where it plays important role in the maintenance of cellular and structural integrity, folding and insertion of membrane proteins, and the entry of hydrophobic molecules [2] [32] [37] . The glycolipid consists of membrane anchored hydrophobic domain, referred to as lipid A, non-repeating core oligosaccharide region, and a distal polysaccharide structure Indeed, studies show that LBP binds tenaciously to the LPS oligomers release from bacterial membrane and transfers them to the binding factor, CD14, existing either as membrane-anchored through glycosylphosphatidylinositol tail or as soluble glycoprotein in the serum. The LPS aggregates are sorted on CD14 into monomeric forms and as such presented to the TLR4/MD2 complex [33] [41] .
While MD2 has neither transmembrane or signaling domain, its hydrophobic cluster offers a seamless interface for binding with the hydrophilic lipid A region of the LPS, whereas the exposed oligosaccharide portion of LPS presents an ideal perimeter for the interaction with the second TLR4/MD2 complex [32] [39] . The Journal of Biosciences and Medicines LPS-induced and symmetrically arranged TLR4/MD2 dimerization on the cell surface is at the core of TLR4 activation that is then followed by TIR domain dimerization and induction of binding of the adaptor molecules. Indeed, after binding LPS, the TIR domain of membrane-located TLR4 interacts with the TIR domain-containing adaptor protein Mal (MyD88 adaptor-like), followed by the interaction with the TIR region of myeloid differentiation factor 88 (MyD88).
Apparently, in this process, dimerization of the extracellular domains leads to juxtaposition of the intracellular domains and their dimerization, followed by the recruitment of signaling adaptors [39] . The My88 aggregation signal is then transmitted to IRAK kinases, ultimately leading to activation of signaling kinases 
Endogenous Modulators of Oral Mucosal Inflammatory
Responses to P. gingivalis
Leptin
Advances in identification of salivary constituents of significance to the main- [28] [47] . Indeed, leptin was found to interfere with the detrimental effects of P. 
Ghrelin
Another peptide hormone, identified more recently as an important modulator of oral mucosal inflammatory responses to P. gingivalis is ghrelin [7] [29] [53] . 
LPS and Proinflammatory Mediators, NO and PGE2, Production
Porphyromonas Gingivalis LPS-Induced NOS/COX Cross-Talk
The oral mucosal responses to P. gingivalis and its key virulence factor, LPS are characterized by a massive rise in epithelial cell apoptosis and proinflammatory cytokine expression, excessive NO generation, and a marked increase in PGE2 Indeed, the stimulation of NO production through iNOS induction has been shown to lead to the up-regulation in COX-2 activation, whereas the inhibition in iNOS activation results in a decrease in PGE2 formation [60] [61] [62] .
Moreover, we have demonstrated that COX-2 activation and the ensuing in- S-nitrosylation has been also convincingly linked to the regulation of IκB-kinase complex (IKK) activity responsible for NF-κB nuclear translocation, and the ac- 
Transcriptional Factors in LPS-Induced iNOS and Cox-2 Activation
The events underlying the proinflammatory signal regulation in oral mucosa in response to P. gingivalis challenge relay heavily on the bacterial LPS engagement of TLR4, the ligation of which results in the receptor dimerization followed phosphorylation of its intracellular domain at the several critical Tyr residues is manifested by the inhibition in IκB-α degradation and a decrease in NF-κB nuclear translocation [71] .
In contrast to the signaling events involved in the control of the mucosal expression of iNOS, the nature of factors implicated in transcriptional regulation and the induction of COX-2 expression by LPS is considerably more complex.
Indeed, the current consensus is that the process may be maintained in the syn- 
Factors Affecting Amplification in Proinflammatory Signal Propagation
P. gingivalis LPS Amplification in PLC Activation
One of the key elements of LPS-induced activation of TLR4 is the receptor-mediated recruitment of phosphoinositide-specific phospholipase C (PLC) [ PLCγ2 activation and the modulatory influence of ghrelin is depicted in Figure   4 .
P. gingivalis LPS and EGFR Transactivation
Investigations 
Amplification of P. gingivalis LPS Inflammatory Signals by Syk
Careful dissection of the events following TLR4 ligation by LPS indicates that 
